Abstract Recently, metal nanoparticles have been getting great medical and social interests due to their potential physico-chemical properties such as higher affinity, low molecular weight, and larger surface area. The biosynthesized gold and silver nanoparticles are spherical, triangular in shape with an average size of 24-150 nm as reported in our earlier studies. The biological properties of synthesized gold and silver nanoparticles are demonstrated in this paper. The different in vitro assays such as MTT, flow cytometry, and reverse transcription polymerase chain reaction (RTqPCR) techniques were used to evaluate the in vitro anticancer properties of synthesized metal nanoparticles. The biosynthesized gold and silver nanoparticles have shown reduced cell viability and increased cytotoxicity in HCT-116 colon cancer cells with IC 50 concentration of 200 and 100 μg/ml, respectively. The flow cytometry experiments revealed that the IC 50 concentrations of gold and silver nanoparticle-treated cells that have significant changes were observed in the sub-G1 cell cycle phase compared with the positive control. Additionally, the relative messenger RNA (mRNA) gene expressions of HCT-116 cells were studied by RT-qPCR techniques. The pro-apoptotic genes such as PUMA (++), Caspase-3 (+), Caspase-8 (++), and Caspase-9 (++) were upregulated in the treated HCT-116 cells compared with cisplatin. Overall, these findings have proved that the synthesized gold and silver nanoparticles could be potent anti-colon cancer drugs.
Introduction
Cancer is a group of diseases, generating various pathological and metabolic changes in cellular environments. It is developed through diverse signaling mechanisms including cell proliferation, angiogenesis, and metastasis [1, 2] . Cancer cells have abnormal metabolic activities in aerobic glycolysis, mitochondrial DNA depletion, and alterations in respiratory chains and genomic expressions. The physical and chemical treatments of cancer are limited at different stages. However, currently available physical and chemical treatments have adverse effect and also affect normal cell functions while giving excess drug and radiation exposures [3, 4] . Colon cancer is a highly heterogeneous disease, and there are numerous exogenomic alterations in signaling pathways [5, 6] . According to the National Cancer Registry (Malaysia), the third report of the cancer conference states that the most frequent cancer found was breast cancer (18 %) and followed by colon cancer (12 %) identified among Malaysian citizens [7] . Colon polyps or lesion leads to the formation of 75-80 % of all colorectal cancer. It affects 20-25 % of younger individuals who have a family history of colon cancer and heritable susceptibility.
Nanotechnology plays a vital role in modern medicine and treatment of different pathological and metabolic disorders including inflammatory, arthritis, tumor, HIV, and liver diseases [8] . There are two main methods to synthesize metallic nanoparticles such as physical and chemical methods [9] . However, these methods have some limitations in their synthesis procedures such as time consuming and complicated vacuum techniques. In addition, these methods use artificial stabilizing agents, polymers, and surfactants to promote the reaction rate [10] . They exhibit environmental toxicity and hazards to the living organisms and limits their use in clinical studies. Due to these consequences, alternative biological precursors such as plants, microorganisms, and marine substrates are used to synthesize metal nanoparticles by environmental benign method. The biosynthesized metal nanoparticles are nontoxic and environmental friendly. The biological methods can produce highly stable nanoparticles with larger surface area and desired size [11] . Also, this method can produce large quantities of nanoparticles without any contamination and purification processes. At present, plant extracts are used as alternative substrates for synthesis of diverse metal nanoparticles such as silver, gold, platinum, copper, and zinc nanoparticles [12] . Plant extracts are better than microbial syntheses in order to avoid long procedures of culturing and maintaining the cells. The plant extracts contain various secondary metabolites, and they act as reducing and stabilizing agents for synthesis of metal nanoparticles. Very few optimized physicochemical parameters such as concentration of metal ions, plant extracts, temperature, and pH could be synthesized in desired sizes and shapes of the nanoparticles in biosynthesis procedures. Metallic gold nanoparticles have astonishing interactions on the surface of cancer cells, which may give countless effects in cancer treatments [13] . Biosynthesized gold nanoparticles are being used in different perspectives such as drug delivery, tissue imaging, antimicrobial, antioxidants, anticancer agents, and identification of pathogens in clinical specimens [14] . Similarly, silver nanoparticles have also been widely used in broad spectrum such as anti-bacterial agents in healthcare sector, food storage, consumer products, and other environmental applications [15] . This is due to the distinctive physico-chemical properties of metal nanoparticles such as chemical stability, catalytic activity, high electrical and thermal conductivity and surface-enhanced Raman scattering, and so on. These properties of metal nanoparticles make them of great value in medical, pharmaceutical, engineering, energy, and electronic industries. In the present study, we explore biosynthesized gold and silver nanoparticles use for in vitro anticancer studies against HCT-116, the human colon cancer cells.
Materials and Methods

Biosynthesis of Gold and Silver Nanoparticles
The AuNPs and AgNPs were synthesized using Commelina nudiflora aqueous extract treated with 10 −3 M HAuCl 4 and 10 −3 M AgNO 3 solutions as reported in our earlier research studies [16] .
Characterization of Synthesized AuNPs and AgNPs
TEM Study
Transmission electron microscopy (TEM) measurements studied the morphology of synthesized gold and silver nanoparticles. The TEM instrument was operated at 120 keV. The ultra-thin film samples were prepared on carbon-coated copper grids by placing a pinch of AuNPs and AgNPs samples, and the images were taken at different magnifications.
Particle Size Analyzer and Zeta Potential Study
The particle size distribution of the synthesized gold and silver nanoparticles was determined using a particle size analyzer (90 Plus particle size analyzer, Brookhaven Instruments Corporation). The potential surface charges of the AuNPs and Ag NPs were analyzed by dynamic light scattering (DLS) instrumentation in back light scattering mode, using a laser particle zetasizer (Malvern 110, Zetasizer) at 280°C.
Cell Line and Culture Medium
Human colon cancer cells (HCT-116) were provided by Prof. Dr. Masa-Aki Ikeda, Section for Molecular Craniofacial Embryology, Tokyo Medical and Dental University, Japan. The cells were sub-cultured in DMEM medium (Gibco) supplemented with 20 % fetal bovine serum (FBS) (Gibco), 1 % of Penicillin-Streptomycin (Gibco), and maintained in a humidified incubator with 5 % CO 2 at 37°C.
MTT assay
Cell viability was measured by the ability of the cells to convert soluble MTT into an insoluble formazan crystal. The exponentially growing HCT-116 cells were seeded in 96-well plates at an initial density of 3 × 10 4 /well, treated with defined concentrations of metallic gold and silver nanoparticles, and maintained for 24 h. The media were then carefully removed from the wells, and the cells were incubated in 20 μl MTT (Sigma-Aldrich, St Louis, MO, USA) at the concentration of 5 mg/ml in phosphate buffer saline (PBS) for 4 h. The purple color formazan crystals formed were dissolved with 100 ml of DMSO and measured in microtiter plate reader (Tecan Infinite 200) at 570 nm [27] . Cell proliferation was expressed as a percentage of cell viability of treated relative to untreated model. The absorbance (OD) value was converted to percentage of viability by using the following formula:
Q of cell viability ¼ OD value of treated samples=OD value of control ð Þ Â 100
Morphological Characterization of Nanoparticle-Treated HCT-116 Cells
The cytomorphological changes of treated HCT-116 cells were studied by an optical microscope. The HCT-116 cells were treated with IC 50 concentration of newly synthesized AuNPs and AgNPs. The treated cells were incubated for 48 h at 37°C in 5 % CO 2 atmosphere. After treatment, the morphological changes were observed under an optical microscope (Nikon, Japan).
Flow Cytometry Analysis
The cell cycle analysis was performed by a flow cytometry using propidium iodide staining method as previously described by Ichwan et al. (2014) [17] with a slight modification. The HCT-116 colon cancer cells were grown in exponential phase, the cells density was 1 × 10 6 cells/ 10 mm dish and allowed to adhere overnight. After that, the cells were treated with IC 50 concentration 200 and 100 μg/ml of gold and silver nanoparticles, respectively for 24 h. After the prescribed treatment time, the cells were harvested by trypsinization. Then, cells were washed with cold PBS solution and fixed with 1 ml of ice-cold 70 % ethanol at 4°C overnight. The cells were then resuspended in PBS containing 0.5 % Triton X-100 and then, 0.1 mg/ml RNase was added. The mixture was incubated at 37°C for 1 h. After incubation, 50 μl of propidium iodide was added (Sigma-Aldrich P4170) and kept in a dark room for 45 min. After the incubation period, the cells were analyzed by Guava easyCyte™ HT flow cytometer (Merck Millipore). The percentage of each cell cycle phase was analyzed using Guava-InCyte Software (Merck Millipore, USA).
RT-qPCR Analysis
The total RNA was isolated from experimental cells using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. The extracted total RNA was converted into complementary DNA (cDNA) due to maintaining the purity of RNA. The cDNA was synthesized from 1 ng of the total RNA using reverse transcriptase RT-PCR enzyme kit (Qiagen, Germany). The primer sequences of PUMA, Caspase-3, -8, and -9 are listed in Table 1 . These primers were designed using the literatures previously reported (Table S3 in supplementary information). The real-time PCR was performed on a Corbett real-time PCR thermocycler system, Germany, with SYBR Green PCR master mix (Qiagen, Germany) according to the manufacturer's guidelines. All raw data of gene expressions were normalized to the expression level of the housekeeping gene, the beta-actin [18] .
Statistical Analysis
The obtained results were expressed as mean ± standard deviation (SD), and the data were analyzed with t test and one-way analysis of variance (ANOVA). The difference was considered as statistically significant at p ≤ 0.05. All experiments (n = 3) were carried out in triplicate. In Vitro Anticancer Activity of Au, Ag Nanoparticles
Results and Discussion
Physico-Chemical Properties of Synthesized AuNPs and AgNPs
The UV-Vis absorption spectra of AuNPs and AgNPs are located at 540 and 430 nm, respectively; they confirm that the gold and silver nanoparticles were formed in the synthesized medium. The detail characterizations of synthesized metal nanoparticles were published in our previous research paper [16] . Furthermore, the TEM micrograph clearly shows that the C. nudiflora-mediated gold and silver nanoparticles were mostly spherical in shape and a few rods and irregular shapes were also observed. The AuNPs sizes were approximately 50 nm and some of them were <150 nm whereas AgNPs size ranged from 24 to 80 nm as shown in Fig. 1 . Also, the TEM pictures show that particles are monodispersed in nature and a little agglomerations were seen in the sample. The biological activity of metal nanoparticles is based on their size, shape, and their intrinsic properties. Many studies proved that smaller sizes and the different morphologies of biomaterials have good anti-proliferative and anti-microbial effects. Wang et al. (2014) [19] revealed that the AuNPs strongly adsorb thiol-capped DNA, and it could be due to the smaller size, larger surface area, and higher surface free energy. On the other hand, the biosynthesized AuNPs with large polyhedral shapes and a diameter of <30 nm are more suitable for diagnostic and biomedical applications. The smaller size NPs can have more number of ligands on their surface due to various functional molecules present on the surface. So, it could act as novel therapeutic agents for cancer and chronic diseases. In contrast, the synthesized polymeric NPs with the size of 200 nm are best for intravenous administration because they can easily pass through blood capillaries in vivo [20] . Reghunandan et al. (2011) [21] illustrated that irregular-shaped AuNPs have maximum anticancer effects against cancer cells compared to polyshaped nanoparticles, such as spherical and triangular. The irregular shape of nanoparticles can penetrate easily in between abnormally divided and irregularly spread malignant tissues compared to polyshaped or roughly spherical ones; hence, these special morphological properties of nanoparticles has a better in vitro anticancer activity.
The C. nudiflora aqueous extract contains different secondary metabolites such as − OH groups, COO − , and + NH 2 that are involved in the nanoparticle production at room temperature. The presence of phenolic moieties, amino groups in nanoparticles may give potent anti-proliferative properties [22] .
Particle size analyzer is a technique which determines the particle size distribution in a sample [23] . The particle size distribution spectra showed an intensity of 250 nm for AuNPs and 280 nm for AgNPs in Fig. 2a, b . The zeta sizer image of biosynthesized gold nanostructure confirmed the different sizes of particles present in the sample, and the average diameter was 77 nm with highly smooth edges. The alkaline pH of biosynthesized medium may produce varied sizes and monodispersed metal nanoparticles [24] . The zeta potential of C. nudiflora-synthesized AuNPs and AgNPs were 27.63 and 28.3 mV, respectively (Fig. 2c, d) . Heydari et al. (2015) [25] reported the zeta potential value of nanoparticles is greater than +25 mV or less than −25 mV typically with a high degree of stability. Similarly, Padalia et al. (2014) [26] proposed that the zeta potential higher than 30 mVor is indicative of fairly stable metal nanoparticles. The high negative charge of the synthesized silver nanoparticles can cause strong repulsive force among particles which may prevent from particle aggregations.
In Vitro MTT Assay of Biosynthesized Gold and Silver NPs
In vitro method is an ideal model to studying human diseases. The in vitro study has a high degree of transparency and ability to find the choice of drug concentration for in vivo experiments. The C. nudiflora plant mediated gold and silver nanoparticles showed potent cytotoxicity against HCT-116 colon cancer cells. The biosynthesized nanoparticles showed a direct dose-response relationship, and the cytotoxicity was increased by the increasing concentrations of metal nanoparticles. The IC 50 values of AuNPs and AgNPs were found at 200 and 100 μg/ml, respectively which showed significant cytotoxicity in HCT-116 cells for 24 h of exposures. Figures 3 and 4 show the cell viability percentage of treated gold and silver nanoparticles, respectively. The biosynthesized AuNPs induced over 90 % cell death in HCT-116 at the highest concentration of 400 μg/ml. The inhibitory concentration (IC 50 ) of gold nanoparticles was calculated to be 200 μg/ml, where the concentration inhibited 50 % of the cell growth. However, the silver nanoparticles have less toxicity against HCT-116 cells compared with gold nanoparticles. The IC 50 concentration of AgNPs was found to be at 100 μg/ml.
Recently, Vasanth et al. (2014) [27] proposed the MCF-7 cells treated with silver nanoparticles affected the percentage of cell viability at different ranges of concentrations. The AgNPs show 90 % cell death at 250 μg/ml. The treated cancer cells underwent membrane blebbing, morphological changes and eventually involved in apoptosis. Also, the GNPs treated MDA-MB-231 cells showed slightly higher cytotoxic effects than the silver nanoparticles. However, both silver and gold nanoparticles showed toxic effects with more than 40 % cell death at 100 mg/ml of nanoparticles. On the other hand, HAuCl 4 , AgNO 3 , and A. indica leave extract which were used as the positive control did not show much toxic effects in the treated cells [28] . Similarly, Mittal et al. (2014) [29] reported that the Ag-Se bimetallic nanoparticles were found to reduce the cell viability in Dalton's lymphoma (DL) cells after 48 h of treatment. The cytotoxic effect of nanoparticles in DL tumor cells was found at 50 μg/ml and above. The cell viability was considerably decreased by the increasing concentration at 25-300 μg/ml. The AuNPs and AgNPs have been reported to be of various concentrations between 100-300 and 5-50 μg/ml, [27, 30, 31] . The observations confirm that the nanoparticles toxicity may vary according to the types of cell lines. Also, the size of the metal nanoparticles is also one of the key factors in cytotoxic activity of cancer model [32] .
The cell morphological changes in the treated HCT-116 cells are shown in Fig. 5 . The metal nanoparticle-treated cells clearly showed the apoptotic mechanisms that started through the altered cell membranes.
Flow Cytometry Analysis
The progression of the cell cycle in HCT-116 cells was studied by flow cytometry. The effects of cell cycle progression in HCT-116 cells were tested with IC 50 concentration of Au and Ag as presented in Fig. 6 . The Au, Ag nanoparticle-treated samples show cell cycle changes in HCT-116 cells especially the proportion of the sub-G1 phase that increased in all treated samples as compared to the control. The Au and Ag nanoparticle-treated samples G0/G1 phase slightly decreased and also increased in the S/(G2/M) compared with the positive control (cisplatin). Also, we observed the fragmented DNA content significantly increased in both gold and silver nanoparticle-treated cells. The histogram results show that the large proportion of DNA content in the nanoparticle-treated samples indicates the programmed cell death induced in HCT-116 cells. The C. nudiflora-synthesized gold and silver nanoparticles induced cell population in the sub-G1 phase of the cell cycle. Therefore, the consequent loss of cells in the G1 phase indicates that the plant-mediated metallic nanoparticles induce apoptosis mechanisms in in vitro cancer cells [27] .
An apoptosis mechanism starts with various stages of cell degradation including shrinkage of cell structure and nucleus, then, fragmentation of nuclear and chromatin materials. The activated nuclease enzymes are responsible for the DNA degradation and fragmented approximately 180-200 base pairs (bp). The treated cells have less content of DNA due to the fragmentation by anticancer drugs [33] . Interestingly, recent discoveries show the biosynthesized gold and silver metallic nanoparticles arrested all stages of the cell cycle and stimulate DNA fragmentation in the experimental models. Thirunavukkarasu et al. (2014) [34] found the gold nanoparticles arrested all stages of the cell cycle and have varying percentages of DNA content in each phase of cell cycle. The HepG2 cells were treated with IC 50 concentration of gold nanoparticles that showed significant reduction of DNA content in the cell cycle phases. Also, the fragmented DNA largely appeared in sub-G1 region which indicates apoptosis occurred in the sample.
Similarly, Prabhu et al. (2013) [35] reported the biosynthesized silver nanoparticles that inhibited the growth of HCT-15 colon cancer cells with the IC 50 concentration of 20 μg/ml at 48-h incubation time. The biosynthesized AgNPs arrested HCT-15 cells at G0/G1 and G2/M phases of cell cycle. Also, AgNPs suppressed the colon cancer cell growth in terms of reducing DNA synthesis and arresting the G0/G1 phase. Therefore, AgNPs can act as alternative apoptosis inducers and regulate the nuclear condensation in the propidium iodide staining cells. Gajendran et al. (2014) [33] studied the anti-proliferative effect of biosynthesized AgNPs from leaves extract. The metal nanoparticles treated MCF-7 cells explored the higher nuclear condensation than untreated samples whereas, control cells expressed a very negligible number of apoptosis as observed in the study. Quantitative real-time polymerase chain reaction (RT-qPCR) is a novel technique to appropriately identify the different patterns of gene expressions in cancer and normal cells. We studied the mRNA expressions of pro-apoptotic genes such as PUMA, Caspase-3, Caspase-8, and Caspase-9. The expressions of PUMA and Caspase-3, -8, and -9 have shown significant changes in the gold and silver nanoparticle-treated samples compared with the control (p < 0.05).
Caspase-9 mRNA expression was significantly upregulated in gold nanoparticle-treated samples (p < 0.05). Also, Caspase-8, Caspase-3 gene expressions increased in the gold nanoparticle-treated samples (p < 0.05) compared with standard.
The gold nanoparticle-treated samples showed increased expressions in Caspase-8 and Caspase-3 with more than two folds compared with the positive control (cisplatin). The RT-qPCR experiment clearly showed the induction of apoptosis through the activation of PUMA, Caspases-3, -8, and -9. Ledgerwood and Morison (2007) [36] reported the activation of caspase proteases is fundamental in triggering apoptotic cell death. Caspases have different subgroups, among these classes, Caspase-3 has been an important factor in the apoptotic machinery by induction of cell cycle phase, genomic profile, and more. Figure 7a shows the relative quantification of mRNA expression in PUMA genes treated with AuNPs and AgNPs. Figure 7b shows the mRNA expression of Caspase-3 gene treated by gold and silver nanoparticles. Figure 7c, d shows the mRNA expression of Caspase-8, -9 genes treated by gold and silver nanoparticles. The gold nanoparticle-treated groups have significantly elevated the expression of all selected genes such as PUMA, Caspase-3, and Caspase-9. However, these genes showed different levels of expressions when treated with two nanoparticles such as gold and silver nanoparticles. Nevertheless, both samples certainly upregulated gene expressions and also induced the apoptosis in HCT-116 cells. Also, the synthesized nanoparticles show no variation in the qPCR amplification efficiencies experiment. The melt curve of the tested apoptotic genes such as PUMA, Caspase-3, Caspase-8, and Caspase-9 is shown in the supplementary information.
Mustata et al. (2011) [37] showed PUMA (p53 upregulated modulator of apoptosis) induces apoptosis in colon cancer through Bax and mitochondria-dependent manner. Furthermore, the Caspase enzyme plays an essential role in both the initiation and execution of programmed cell death mechanisms. Caspase-3 and Caspase-7 are called as effector caspases which generally have small pro-domains. These pro-domains are responsible for disrupting the cell death after the initiation of apoptosis. Karthik et al. (2014) [38] reported the nanoparticle-treated groups significantly increased the caspase 3, -8 expressions in A549 NSCLC cells. The mRNA levels of Caspase-3 and Caspase-7 apoptotic markers are upregulated in the AuNPs-treated samples compared with the untreated control [39] . Also, qRT-PCR analysis could find various apoptotic signaling genes which are involved in the programmed cell death. Interestingly, the anti-apoptotic genes, such as bcl-2 and bcl-XL expressions were downregulated in the same samples. But, the housekeeping gene β-actin (internal control) remained stable even in external stress stimuli. The AuNPs and AgNPs have the ability to trigger apoptosis through the activation of the caspase cascades. According to that, our results demonstrate that the AuNPs and AgNPs induce apoptosis by activating the pro-apoptotic genes such as caspase-3, -8, and -9 and PUMA. Therefore, the AuNPs and AgNPs activate cell death through caspase cascade pathway and cellular damages.
Conclusion
The biosynthesized AuNPs and AgNPs have shown distinct cytotoxicity properties on HCT-116 cells. The metal nanoparticle-treated samples altered the sub-G1 phases of cell cycle and higher amounts of fragmented DNA were noticed. In addition, the apoptotic genes such as PUMA, Caspase-3, Caspase-8, and Caspase-9 were significantly upregulated in the treated samples compared with the control. Thus, biosynthesized nanoparticles effectively target the abnormal growth of HCT-116 colon cancer cells and promise a new strategy to treat colon cancer. (PC positive control, NC negative control, S1 gold nanoparticles, S2 silver nanoparticles)
